The aim of the present study was to assess copepod species richness in groundwater habitats from the Pădurea Craiului Mountains, Transylvania (northwestern Romania). Five species richness estimators (one asymptotic, based on species accumulation curves, and four non-parametric) were compared by testing their performances in estimating copepod species richness at three hierarchical spatial scales: cave, hydrographic basin, and karstic massif. Both epigean and hypogean species were taken in account. Two data sets were used in computing copepod species richness: 1. samples collected continuously during one year (dripping water) and seven months (pools) from five caves, and 2. samples collected from pools in twelve additional caves (data gathered from literature). Differences in copepod species richness among caves and hydrographic basins suggest that local environmental features are important in determining local species richness trends.
INTRODUCTION
The vadose zone, i.e. the unsaturated karstic layer between surface and groundwater table, consists of the epikarst (the uppermost unsaturated zone of the carbonate bedrock) and the void network through which water percolates towards the phreatic zone (Mangin 1994; Ford and Williams 2007) . Communities inhabiting the vadose zone are diverse, consisting of surface dwellers and specialized subterranean species (Rouch 1968; Lescher-Moutoué 1973; Gibert 2001; Pipan 2005; Pipan and Culver 2007) . The faunal assemblages of the vadose zone can be studied by sampling drip water systems and pools (Pipan 2005) .
Assessing species diversity is a challenge for ecologists, due to difficulties in collecting and identifying all species and estimating their relative abundance with a limited sampling effort . This challenge becomes even more difficult for diversified communities with many rare representatives (Colwell and Coddington 1994; Chazdon et al 1998; Colwell et al 2004; Magurran 2004) , such as the case of the vadose zone with diverse and confined aquatic assemblages.
In the vadose zone of the caves from the Pădurea Craiului Mountains (western Romanian Carpathians) the most often encountered taxa in decreasing number are: harpacticoid and cyclopoid copepods, insect larvae (mainly Diptera Chironomidae), Collembola, Ostracoda, Oligochaeta, Nematoda, Amphipoda, Acari, Gastropoda and Isopoda (Moldovan et al 2007; Meleg et al 2011) . Among these taxa, copepods are the most diversified and abundant, probably the most characteristic taxon dwelling the voids of the vadose zone, as was also mentioned in other karst systems of Southern Europe (Stoch 1997 (Stoch , 2000 Brancelj 2002; Pipan and Brancelj 2001, 2004a, b; Pipan 2005; Sket et al 2004; Camacho et al 2006) .
Species richness is the simplest parameter used in assessing community diversity (Chao 2005) , being the most frequently used indicator (Gaston 1996) in biodiversity conservation and ecological research (Brown et al 2001) . Therefore, species richness as the core component of biodiversity (Gaston 1996) may be used in assessing the groundwater diversity of the Pădurea Craiului Mountains, partly still unknown. Among the methods developed for estimating species richness, species accumulation curves and non-parametric estimators are widely used (Bunge and Fitzpatrick 1993; Colwell and Coddington 1994; Chao 2005) .
In the present study we assessed copepod species richness by using different species richness estimators for copepod communities in the vadose zone of the Pădurea Craiului Mountains at different spatial hierarchical scales (cave, hydrographic basin, and massif), and along a vertical gradient in two different habitats (void networks and pools). The obtained results are used to define the best species richness estimator for each spatial scale mentioned above.
MATERIALS AND METhODS

Study area
The Pădurea Craiului Mountains are a karstic "island" that lies in North-Western Romania. As part of the Apuseni Mountains (the western part of the Romanian Carpathians), they cover about 1150 km 2 , with an altitude range between 300 and 1000 m a.s.l (Rusu 1988) . In Pădurea Craiului Mountains a Natura 2000 Site of Community Interest (SCI) has been designated: Defileul Crişului Repede-Pădurea Craiului, code ROSCI0062. The Natura 2000 habitat type "caves not open to the public" represents the second habitat as surface in the SCI mentioned above (18.9%). All caves reported in the present study are located in this site.
Data analysis
Two data sets were included in the study. The first data set is represented by five caves from two hydrographic basins: the Crişul Repede basin (CR) with Ungurului Cave (UC), Vadu Crişului Cave (VC) and Peştera cu Apă din Valea Leşului Cave (LC), and the Crişul Negru basin (CN) with Ciur Izbuc Cave (CC) and Doboş Cave (DC) (Fig. 1) . In these caves, the dripping water was sampled monthly over one year and the associated pools were sampled monthly over seven months. This set was used in computing species richness at cave and hydrographic basin scale and in different habitats (voids and pools). The second data set is represented by fauna from pools from 12 additional caves existing in the data base of the "Emil Racoviţă" Institute of Speleology (in Cluj). This set was used in computing species richness at the massif level.
The dripping water fauna was sampled according to the funnel method described by Brancelj (2004) . Animals from the dripping water system and also those sampled directly from the associated pools were retrieved from the sampling device and pools respectively by a 100 µm mesh-sized hand net and fixed in 96% ethanol. We considered two ecological categories, epigean vs. hypogean species (Rouch 1968; Rouch 1982; Rouch and Carlier 1985) , based on their occurrence in the subterranean environment and in the surface habitats respectively.
Four non-parametric species richness estimators were selected. For the first data set, Chao 1 and Abundance-based Coverage Estimator (ACE) as abundancebased estimators were used, while incidence-based estimators (Chao 2 and Incidence-based Coverage Estimator (ICE) were used for the second data set, due to the lack of abundance data (Chao et al 1993; Lee and Chao 1994; Chazdon et al 1998) . Chao estimators were used for the vadose community due to the presence of many endemic species encountered and rare species which carried most of the information about the number of missing species, i.e. singletons (species known from a single individual) and doubletons (species known from two individuals) for Chao 1, uniques (species that occur in only one sample) and duplicates (species that occur in only two samples) for Chao 2. ACE and ICE were selected to overcome the species richness overestimation, in caves where the number of samples was low, and where very abundant species were found together with very rare species. Mao Tau procedure (expected species accumulation curves-SACs) was used to represent inventory exhaustivity. Comparisons of species richness estimators' performance on sample-based data were represented graphically, by plotting the estimated and observed species richness against the number of sampled sites (Chazdon et al 1998) .
At the cave scale and at the basin scale, the monthly copepod abundance in each sample was included. Copepod incidence per cave was used in computing and plotting species richness at massif scale. The effect of nonrandom spatial distribution on the estimator performance was tested by modifying the degree of patchiness on samples at basin scale. The same pattern was examined also for hypogean/epigean species. This was performed in EstimateS software by defining a patchiness parameter ranging from 0 (random distribution) to 0.5 (moderate patchiness) and 0.9 (high degree of patchiness).
All computations were based on 50 randomized runs and were performed using EstimateS version 8.2. (Colwell 2009).
RESuLTS
Thirteen copepod species were sampled from dripping water and pools in the five caves studied over one year (UC, VC, LC, CC and DC). Twenty-two copepod species collected from pools of 12 caves were added to the analysed data set ( Table 1 ). The number of observed species and samples collected differed at all scales taken into account (cave, hydrographic basin, massif, drips and pools) ( Table 2 ).
The SACs for the three caves from CR basin (UC, VC and LC) showed that sampling completeness was not achieved. When sampling is close to be exhaustive, the number of singletons should be close to zero which is not the case here, reinforcing the results obtained from SACs ( Fig. 2 UC, VC and LC; Table 2 ). For UC and VC the number of species approached an asymptote, but still increased slowly. For UC and VC, Chao1 provided the least biased estimate of species richness, reaching a stable estimate of eight species in UC after 12 samples out of 13, and seven species in VC after 32 samples out of 33. For LC, both estimators failed to reach a stable value. The SACs for caves of the CN basin were asymptotic. The SAC obtained for CC, rapidly followed an asymptote, reaching 75 % of the maximum after eight samples and about 95 % after 18 samples out of 47. In DC the SAC asymptote was reached after eight samples out of nine ( Fig. 2 CC, DC; Table 2 ). In CC, both Chao1 and ACE satisfied the criteria of ideal species richness estimators by performing well at low sample number: a stable estimate of five species was reached after only 29 samples out of 47. In DC, Chao1 was the best estimator with a stable value of three species, after seven samples out of nine. Both caves from CN basin had zero singletons and zero doubletons.
The data computed for CR and CN based on the samples collected in three and two caves respectively are plotted in Fig. 3 and summarized in Table 2 . The species richness estimation at the CR and CN basin scale followed the species richness pattern estimated for caves belonging to the CR basin (UC, VC and LC) and to the CN basin (CC and DC) respectively. In CR, sampling completeness was not achieved, and the two non-parametric estimators failed to reach a stable value. In CN, the situation was different; the SAC did reach an asymptote, zero singletons were encountered and both Chao1 and ACE encountered the stable value of five species after 34 samples out of 52.
The effect of patchiness on estimated species richness was tested at basin level. The simulations showed that for CR the rate of species accumulation with sampled area was higher when species were distributed randomly among samples. Moreover, more the degree of patchiness increased (from 0.5 to 0.9), more the initial rate of species richness decreased (Fig. 3) . In CN, the species richness estimators were not sensitive to patchiness. Furthermore, the Chao1 and ACE performed well at 0.9 and 0.5 degree of patchiness respectively, being less sensitive to sample size (Fig. 3) .
At massif level, 20 species were found in six caves and 75% of the maximum number of observed species was reached after collecting in 12 caves. Chao2 and ICE did not reach a steady value, though it appeared they were approaching a stable estimate: around 60 species after 16 sampled caves; the number of uniques was very high: 19 ( Fig. 4; Table 2 ). These two estimators performed well at a moderate (0.5) and high (0.9) degree of patchiness. Attheyella ( The effect of collecting from different habitats of the vadose zone on sampling completeness and species richness was tested in the five caves (UC, VC, LC, CC and DC) over seven months sampling period. The asymptote was not reached, in none of the two habitats. Nevertheless, the SAC based on drip water samples approached an asymptote, reaching 70% of the maximum number of species after 46 samples out of 67. In each of the two habitats (void network and pools), the species richness estimators failed to reach a stable value. When cumulating samples from both habitats, no differences were observed: the SACs did not reach an asymptote and the estimators failed to reach stable values (Fig. 5 a, b, c ; Table 2 ).
Even if the sampling completeness was not achieved, the SAC based on epigean (Fig. 6 a) and on hypogean species (Fig. 6 b) approached an asymptote, reaching about 90% of the maximum observed species after 10 caves out of 11 for epigean species and after 15 caves out of 16 for hypogean species. Both species richness estimators failed to reach a stable value for hypogean species, while ICE reached the stable value of 35 epigean species after seven out of nine caves. Both estimators recorded higher estimates for patchy distribution and exhibited DISCUSSION From the available estimators (Chazdon et al 1998; Walther and Morand 1998; Chiarucci et al 2001; Brose 2002; Brose and Martinez 2004; Martínez-Sanz et al 2010) some were tested for a more accurate picture of species richness patterns. To date, for vadose assemblages, only rarefaction curves and Chao estimator were used to assess copepod species richness at local and regional scale in the Dinaric Mountains of Slovenia (Pipan and Culver 2007) .
In our study, the selected non-parametric estimators (Chao 1, Chao 2, ACE and ICE) performed better than the accumulation curves, because usually they are less biased and more accurate than these latter ones, as al- Figure 2 -Rarefaction curves of observed copepod species richness and estimates for the five studied caves: UC (6 species, 13 samples); VC (5 species, 33 samples); LC (5 species, 39 samples); CC (5 species, 47 samples); DC (3 species, 9 samples). stronger dependence on sample size with increasing degree of patchiness, but were more stable when the analysis was computed for hypogean species. The species richness estimates and the SACs obtained at cave scale were more or less similar. Abundance-based Chao 1 and ACE non-parametric estimators performed well for CC, probably because of more varied habitats observed in this cave (wide and narrow void network based on the dripping rate, pools with bottoms on clay and on calcite), which allow the presence of more species. According to Pipan and Culver (2007) , for individual caves, five drips sampled for one year appeared to be sufficient to capture most of the species. In our study, in the caves where sampling completeness was achieved, nine drips (CC) and four drips (DC) sampled over one year, were sufficient to sample most of the species, reinforcing the important role played by the local context in copepod species richness.
For other caves (UC, VC and LC), where the number of singletons was high, Chao 1 was the least biased estimator, because it takes into account rare species as bearers of data about the number of possible missing species. The higher number of singletons and doubletons suggests a higher level of copepod endemism within caves, as was already stated by Pipan and Culver (2007) . The ACE performance for vadose communities is in agreement with the results emphasized in other studies: ACE performed well for species-rich assemblages as Chazdon et al (1998) observed in rain forests, and are unsuitable for communities characterized by low diversity, as Walther and Morand (1998) studied on parasite communities.
Cave-specific trends of species richness could be extrapolated at basin level. Based on SAC, CN basin seems to offer more suitable spots for collecting the fauna of the vadose zone, compared to caves from the CR basin. Evidence is also the low number of hypogean species and the high number of epigean species sampled in caves from the CR basin. For the CN caves, there is a limited exchange with the surface, proved by few epigean widespread species. This leads to the conclusion that localscale patterns in diversity tend to be more evident in stenotopic species, as was already mentioned by Adams (2009) Chazdon et al (1998) defined three features for an ideal species richness estimator: 1. independence of sample size (sampling effort); 2. lack of sensitiveness to patchiness of species distribution across the samples; 3. lack of sensitiveness to sample order. In CN, the efficiency of both species richness estimators (Chao 1 and ACE) was not influenced by patchiness or by sample size, being ideal estimators at basin scale in contrast with the results obtained for CR. A possible explanation could be the already mentioned heterogeneity of habitats in CC, located in the CN basin, supporting a diverse and more specialized fauna, with heterogeneous and patchy distribution within cave. This was stated by Colwell et al (2004) hypothesizing that space and time "patchiness" among samples is influenced by the heterogeneous character of natural assemblages. This is translated in variation of the total number of species occurrences and non-random patterns of species co-occurrence among samples.
At massif level, sampling from 17 caves was not enough for assessing species richness. In the study conducted by Pipan and Culver (2007) at regional scale, drips from six caves sampled for one year seemed to offer an almost complete picture. In the present study, the species richness estimates at massif scale were higher than those obtained at both cave and basin levels, probably because the number of endemics increased with the studied hierarchical levels (cave, hydrographic basin and massif). The findings of Malard et al (2009) stated that endemic species contribution to regional richness increased with the number of sampled karst aquifers. The narrowly distributed species are the driving factor influencing the regional species richness (Stoch and Galassi 2010) . The incidence-based estimators (Chao 2 and ICE) were also insensitive to the patchy species distribution, but unlike the abundance-based estimators, they were dependent on sampling size, suggesting that species richness may be properly calculated after a longer sampling effort in more caves.
Taking into account all five caves from the two basins, sampling completeness was not achieved by sampling only dripping water or by sampling only pools, even when we analyzed the cumulated results from the two habitats. Though, because the SACs based on drips approached an asymptote and copepod diversity was higher in drips than in pools, drips appear to provide a more complete picture of species richness in the vadose zone, as already observed by Pipan and Culver (2005, 2007) . The higher species richness in drips could be a consequence of a more lasting habitat in the void network compared to pools, which can be dry during summer periods.
Regarding the two ecological categories, epigean vs. hypogean species, the importance of the degree of patchiness was observed in assessing copepod species richness. Even if ICE was the best estimator, it performed differently on the two ecological categories. The stable performance at higher degree of patchiness of hypogean copepods supports the hypothesis that subterranean species have patchy distribution in groundwater habitats (Galassi et al 2009) . Moreover, the vadose zone characterized by habitat patchiness (Musgrove and Banner 2004) harbors species confined to peculiar microhabitats. On the contrary, the estimators of epigean copepod species reached less stable values at high degree of patchiness, probably due to the widespread distribution and euritopic requirements of surface species.
Even if many estimators are available and some of them were tested here, the estimation of species richness seems to be a difficult task. Estimators may be functional if they can give us a fair insight into the species richness trends (Hortal et al 2006) . The sampling limitations and the high proportion of rare species made species richness estimation more challenging in the vadose zone. Our results highlighted how the sampling size, the degree of patchiness and the selected spatial scale influence the performance of species richness estimators, and should be taken into account when choosing the best estimator for species richness assessment. However, for abundance-based data Chao 1 is a good option being robust to sample size. For incidence-based data Chao 2 seemed to be efficient, even if it is more sensitive to the number of samples.
Finally, assessing species richness is important for conservation purposes. Different trends in copepod species richness observed at different spatial scales emphasize the importance of scale in developing and improving the strategies for monitoring protected sites.
